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ABSTRACT: Heat stress is a major environmen-
tal factor contributing to lower production of poul-
try. The objective of present study was to evaluate
the influence of constant or intermittent high tem-
perature on the production performance and redox
status of plasma and hypothalamus in laying ducks.
A total of 288 weight- and laying-matched laying
ducks were randomly assigned to 1 of 4 treatments
(each with 6 replicates of 12 birds): control, pair-
fed, constant high temperature (24 h, 34 + 1°C),
and intermittent high temperature (10 h, 34 = 1°C).
Blood and hypothalamic tissue samples were col-
lected on days 1, 21, and 55 to determine redox
status. Average daily feed intake and egg weight
was reduced (P < 0.001) during imposition of both
high-temperature treatments but was not different
(P > 0.05) among the treatments during the recov-
ery period. Lower (P < 0.05) egg mass was observed
in pair-fed and intermittent high-temperature treat-
ment during high-temperature period and in con-
stant high temperature during the recovery period.
Haugh units from high temperature—treated ducks
were significantly lower than those from control or
pair-fed ducks (P < 0.05) during the high-tempera-
ture period. Both models of heat exposure decreased
plasma concentrations of glutathione (GSH) at
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day 1, and constant high temperature decreased
plasma activity of GSH peroxidase (GSH-PX)
at day 21 (P < 0.05). Hypothalamic expression of
antioxidant genes GSH reductase (GR) and mito-
chondrial NADH dehydrogenase subunit (Complex
I) were decreased by both high-temperature treat-
ments at day 1. Hypothalamic expression of genes
for pro-oxidant enzymes cyclooxygenase-2 (COX-
2), 5-lipoxygenase (5-L0OX), and cytochrome P450
7A1 (CYP7AI) were decreased (P < 0.05) by
both models of high temperature but transcripts
of cyclooxygenase-1 (COX-I) of ducks that were
pair-fed or were exposed to constant high temper-
ature were increased at day 21. The transcripts of
NADPH oxidase 1 (NOX-1) were decreased at day
1 by both high-temperature treatments (P < 0.05)
but increased during the recovery period. These
results indicate that, for laying ducks, intermittent
high temperature caused much greater negative
production performance effects than constant high
temperature during high-temperature period, but
laying ducks exposed to constant high temperature
tend to take longer to recover their production per-
formance. High-temperature stress, either constant
or intermittent, altered hypothalamic expression of
antioxidation and pro-oxidation genes.
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INTRODUCTION

Heat stress is a condition that results when an
animal experiences an imbalance between thermo-
genesis, heat gain, and net energy released into the
surrounding environment (Ajakaiye et al, 2011).
Feeding efficiency, growth rate, reproductive effi-
ciency, egg quantity, and efficiency of the immune
response decline with increasing environmental
temperature, and these cause an enormous eco-
nomic loss in the poultry industry (Zeng et al., 2014;
Mignon-Grasteau et al., 2015). As the world warms
and highly centralized animal production develops,
heat stress is a major environmental factor contrib-
uting to lower production of poultry. The nega-
tive effects of heat stress will become increasingly
apparent in the future (Kamineni, 2015).

During heat stress, the balance between the
oxidative and antioxidant defense system can be
disturbed by excessive levels of reactive oxygen
species (ROS), which can cause lipid peroxidation
and oxidative damage to proteins and DNA (Lin
et al., 2006; Feng et al., 2008). In previous stud-
ies, liver (Del Vesco and Gasparino, 2013), muscle
(Zhang et al., 2015), and heart (Zeng et al., 2014)
were studied extensively for explaining the dis-
ordered redox system after high temperature, but
redox status in the hypothalamus during heat stress
remains unclear. The hypothalamus plays a major
role in thermoregulation of birds and initiates heat
stress responses (Kamineni, 2015; Lin et al., 2006).
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Many reports have focused on the alteration of the
high-temperature period, regardless of the duration
of recovery (Morera et al., 2012; Song et al., 2012;
Sun et al., 2015). It remains unknown how long it
takes for birds to recover after exposure to high
ambient temperature. The objective of the present
study, therefore, was to investigate the impact of
exposing laying ducks to constant or intermittent
high temperature on production performance, and
redox status of plasma and hypothalamus during
the period of high temperature and subsequent
recovery.

MATERIALS AND METHODS

Treatments, Diets, and Animals

Animal care procedures outlined by the guide-
lines of the Animal Care and use Committee of
the Guangdong Academy of Agricultural Sciences
were complied with for all aspects of management,
housing, and slaughter. A total of 288 weight- and
laying-matched laying ducks (Shanma ducks, Anas
platyrhynchos) were randomly assigned to 1 of 4
groups, each with 6 replicates with a total of 12
birds. Birds were caged individually in humidity-
and temperature-controlled rooms (cage size, 30 cm
width X 35 cm depth X 35 cm height). During the
high-temperature period, the treatments imposed a
30-d period of high temperature (34 + 1°C), cither

Table 1. Ingredients and calculated composition of basal diet (air-dry basis, %)

Ingredients Y% Calculated composition

Corn 54.51 ME (Mcal/Kg) 2.50
Wheat bran 11.52 CP, % 17.00
Soybean meal 22.70 Lys, % 0.86
DL-Met 0.15 Met, % 0.40
Limestone 8.45 Met + Cys, % 0.68
CaHPO, 1.37 Arg, % 1.10
NaCl 0.30 Ca, % 3.60
Premix! 1.00 Total P, % 0.63
Total 100 Available P, % 0.35

'Vitamin-trace mineral premix provided the following minerals in milligrams per kilogram of diet: Fe, 52; Cu, 10.4; Mn, 91; Se, 0.20; I, 0.52;
Co, 0.26; and the following vitamins per kg of diet: thiamine, 3.0 mg; riboflavin, 9.6 mg; niacinamide, 114 mg; D-pantothenic acid, 28.5 mg; cho-
line chloride, 500 mg; cobalamin, 30 pg; menadione, 0.96 mg; DL-a-tocopheryl acetate, 6 IU; vitamin A, 12 000 I'U; cholecalciferol D, 1 800 IU.
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continuously (24 h/d) or intermittently (10 h/d,
from 09:00 to 19:00); for pair-fed and control ducks,
the room temperature was held at 25°C for 24 h/d.
Feed was provided ad libitum for ducks from con-
trol, intermittent, and constant high temperature.
The pair-fed ducks were fed the same amount of
feed that birds exposed to intermittent high temper-
ature consumed the day before. After the high-tem-
perature period, all ducks were held at 25°C for the
subsequent 25-d recovery period when all ducks
had free access to feed. The relative humidity for
all treatments varied from 76% to 84% during the
high-temperature period, and from 74% to 78%
during the recovery period. Feed was provided
twice daily (09:00 and 16:00). The composition of
the diet is shown in Table 1. Water was provided
ad libitum to ducks and a 17-h daily photoperiod
was provided throughout. Residual feed was meas-
ured at 08:00 and used to calculate the previous
day’s feed intake and ADFI. The number and total
egg weight from each replicate was recorded daily,
the daily egg production, egg weight, egg mass,
and feed conversion ratio (FCR) were calculated
accordingly.

Sample Collection

At the end of period of high temperature (day
30) and recovery (day 55), 4 eggs within each rep-
licate were collected to determine egg quality. On
days 1, 21 (high-temperature period) and 55 (recov-
ery period), 2 ducks from each replicate were ran-
domly selected for blood sampling; 5 mL of blood
was collected from the brachial vein using heparin-
ized tubes (BD vacutainer Systems, Franklin Lakes,
NJ), centrifuged (1500 g, 10 min, 4°C) and aliquots
of plasma were stored at —80°C until analyses.
After blood sampling, ducks were killed by cervical
dislocation. The hypothalamic tissue was quickly
excised from each duck, snap-frozen in liquid nitro-
gen and stored at —80°C until analysis.

Egg Quality Determination

After storing eggs overnight at 4°C, the shape
index was measured from the length and width,
then shell-breaking strength was measured by
an Egg Force Reader (ORKA Food Technology
Ltd., Ramat Hasharon, Israel). Eggs were broken

Table 2. Gene primer sequences used for quantitative RT-PCR in laying ducks

Product size

Gene! Primer sequence (5-3") (bp) Accession number

COX-1 Forward: GCAGTGAACCCGTGTTGCTATTAC 252 XM_021278679.1
Reverse: GAGCCTCATCAGCGTGTCCCT

COX-2 Forward: AAACAGGAGCATCCAGAGTG 216 XM_005015351.3
Reverse: GTGCCAGTGGTACAGGGTAT

NOX-1 Forward: TCGCCTCCATCCTGAAGTCC 256 XM_021270354.1
Reverse: GTGTCCGTGGCAGTGTCGTG

NOX-4 Forward: AGCCACCCATTCACCCTTAC 249 XM_005029579.3
Reverse: AATACCACCAGCCACGCAGA

5-LOX Forward: AATACCAAAGCCCGAGAACA 133 XM_005025227.3
Reverse: GGAAGCAGAGTGAGCTGTAAGTC

CYP7A41 Forward: ATCAGACTTTCATTAGAACCCTTCA 169 NM_001310351.1
Reverse: GACTCAAACATCACCTGGCAAC

GR Forward: CCCATCTGGACTACAGCAACA 182 XM_005025125.3
Reverse: CTTCATCACGCACTTCACCTTC

MnSOD Forward: CACCACAGCAAGCACCACG 174 XM_005015908.2
Reverse: AGGCGAAAGATTTGTCCAGAA

CAT Forward: AGATATGGTATGGGACTTTTGGAG 180 XM_013091878.2
Reverse: TCAGTCTTCACATGAAACTTGCA

Complex T Forward: GTCACCACCCTGGATAACGG 250 XM_005023916.3
Reverse: GTCACCACCCTGGATAACGG

CoQI10 Forward: TGTTTCACTGTTAGGCATTGTATTG 146 XM_021274031.1
Reverse: GACAACTCATTCCCTCCTTTCA

B-actin Forward: GCTATGTCGCCCTGGATTT 174 EF_667345.1

Reverse: GGATGCCACAGGACTCCATAC

'COX-1, cyclooxygenase-1; COX-2, cyclooxygenase-2; NOX-1, NADPH oxidase-1; NOX-4, NADPH oxidase-4; 5-LOX, 5-lipoxygenase;
CYP7Al, cytochrome P450 7A1; GR, glutathione reductase; Complex I, NADH dehydrogenase subunit I; CoQ10, Coenzyme Q10.



Heat stress in laying duck

onto a level surface. Haugh units and yolk color
were measured with an egg analyzer (model
EA-01, ORKA), after which yolk was separated
and weighed; albumen weight was calculated by
subtraction. Shells were washed under running
water, dried and weighed. The shell thickness
without membrane at three locations (air cell,
equator, and sharp end) was measured using a
digital micrometer (model IT-014UT, Mitutoyo,
Kawasaki, Japan) and shell thickness was the
mean of the 3 values.

Determination of Reproductive Organ Variables

After ducks were killed (days 21 and 55), the
ovary and oviduct were excised and the weight of
whole ovary and oviduct length and weight were
recorded. Dominant follicles (diameter >1 cm) were
dissected from the ovary and number and weight
were measured and recorded.

Determination of Plasma Antioxidant Enzymes,
Glutathione, and Malondialdehyde

Plasma activities of superoxide dismu-
tase (SOD) and glutathione (GSH) peroxidase
(GSH-PX) and levels of malondialdehyde (MDA)
and reduced GSH were measured with colorimet-
ric assay kits (Nanjing Jiancheng Bioengineering
Institute, Nanjing, China).

Real-Time PCR

Total RNA was isolated from hypothalamus
using Trizol (Invitrogen, Carlsbad, CA). RNA
concentration and purity were determined with
a spectrophotometer (NanoDrop Technologies,
Wilmington, MA). The integrity of RNA was
examined using 1.2% agarose gels containing 0.1%
ethidium bromide. One microgram of total RNA
was reverse transcribed using PrimeScript RT
reagent kit with gDNA eraser (TaKaRa, Shiga,
Japan). Real-time PCR (qPCR) was performed in
triplicate on 2 pL of the cDNA template in a total
volume of 20 pL containing 10 pL of SYBR Green
Supermix (BioRad, Hercules, CA) and 0.8 pM
forward/reverse primers (Table 2) using CFX-96
(BioRad). The gene expression levels were nor-
malized using f-actin mRNA as an internal con-
trol. PCR products were examined by 2% agarose/
Tris-borate-EDTA gel electrophoresis to confirm
amplification specificity and amplicon size. The
specificity of the reaction was confirmed by deter-
mining the product-melting curve. The following
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Figure 1. Feed intake of laying ducks during the period of high
temperature and recovery. (A) Daily feed intake changes; (B) statistical
results of feed intake among treatments. Data are means * SEM, n =6
for each treatment. Different uppercase letters indicate significant dif-
ference at the 0.001 probability level, different lowercase letters indicate
significant difference at the 0.05 probability level.

protocol was used for qPCR: initial denaturation
for 30 s at 95°C, followed by 40 cycles of 20 s at
95°C, 30 s at 60°C, and 20 s at 72°C. The relative
expression levels of the genes tested were calcu-
lated using the 2 “24¢ method, as described previ-
ously (Livak and Schmittgen, 2001).

Statistical Analysis

All data from the high-temperature and recov-
ery periods were tested for normal distribution
then analyzed using the general linear models
procedure of SAS (SAS Inst. Inc., Cary, NC) in a
completely randomized design. The following sta-
tistical model (Li et al.,2018) was used: Yij = p +
Ti + eij where Y is the analyzed variable, pu is the
overall mean, T is the effect of treatment (i =1 ...
4), and e is the residual error i =1 ... 4,7=1 ...
6). Replicate was taken as the experimental unit.
Duncan’s multiple-range tests were used to com-
pare the group means when the F test in the ana-
lysis of variance table was significant. Differences
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were considered to be significant when P values
were less than 0.05. The data are presented as
means £ SEM.

RESULTS

Production Performance and Egg Quality

During the high-temperature period, overall
ADFI of ducks in the 2 high-temperature treat-
ments was lower (P < 0.001) than in the con-
trols housed at 25°C (Fig. 1A and B). During
the recovery period, ADFI returned quickly to
normal levels and there were no differences (P
> 0.05) between the 4 treatments (Fig. 1A and
B). Egg weight was reduced (P < 0.001) during
imposition of both high-temperature treatments
(Fig. 2A and B) but was not different (P > 0.05)
among the treatments during the recovery period.
Lower (P < 0.05) egg mass was observed in pair-
fed and intermittent high-temperature treatment
(Fig. 2C) and egg mass was lower (P < 0.05) dur-
ing the recovery period only after exposure to con-
stant high temperature (Fig. 2D). There were no
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statistical differences (P > 0.05) in egg production
or FCR among the 4 treatments (Fig. 3A and B).
There were no differences (P > 0.05) in most egg
quality characteristics (Table 3), including shape
index, shell-breaking strength, shell proportion,
and average shell thickness. In contrast, both the
egg albumen height and Haugh units from high
temperature—treated ducks were significantly
lower than those from control or pair-fed ducks
(P < 0.05) during the high-temperature period.
Yolk color scores were lower in pair-fed or con-
stant high temperature than in controls (P < 0.05,
Table 3). Yolk proportion of the pair-fed ducks
was higher than other groups during the recovery
period (P < 0.05, Table 3).

Reproductive Organ Indices

Oviduct length was greater (P < 0.05) in both of
the high-temperature treatments at day 21 (Table 4).
There were no differences among the treatments
in oviduct mass, ovary weights, dominant follicle
number, or weight during either the high-tempera-
ture or recovery period.
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Figure 2. Egg weight and egg mass of laying ducks during the period of high temperature and recovery. (A) Changes in egg weight; (B) statistical
results of egg weight among treatments; (C) changes in egg mass; (D) statistical results of egg mass among treatments. Data are means = SEM,
n = 6 for each treatment. Different letters indicate significant difference at the 0.001 probability level.
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Figure 3. Egg production (A) and feed conversion ratio (B) in lay-
ing ducks during the period of high temperature and recovery. Data
are means * SEM. n = 6 for each treatment. Different uppercase letters
indicate significant difference at the 0.001 probability level, different low-
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Redox Metabolites and Antioxidant Enzyme
Activities in Plasma

There were no differences (P > 0.05) between
treatments and controls in plasma concentrations
of MDA or in activities of SOD at any sampling
times (Fig. 4A and B). The plasma concentrations
of GSH were decreased at day 1 in ducks exposed to
high temperature (P < 0.05, Fig. 3C), but there were
no differences between the 4 treatments at day 21
or after the recovery period at day 25. The plasma
GSH-PX activities from ducks exposed to constant
high temperature, but not those exposed to inter-
mittent high temperature, at day 21 were lower than
in pair-fed ducks (P < 0.05, Fig. 3D), but there were
no differences at day 1 of high temperature or after
the recovery period (day 55).

Hypothalamic Expression of Genes for Pro-oxidant
and Antioxidant Enzymes

As shown in Table 5, the hypothalamic expres-
sion of genes for the antioxidant enzymes GSH
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reductase (GR) and mitochondrial NADH dehydro-
genase subunit (Complex 1) were reduced at day 1 by
both models of high temperature. Compared with
the control ducks, the hypothalamic expression of
genes for pro-oxidant enzymes cyclooxygenase-2
(COX-2), 5-lipoxygenase (5-LOX), and cytochrome
P450 7A1 (CYP7AI) were reduced (P < 0.05) by
both high-temperature treatments (P < 0.05).
The transcripts of cyclooxygenase-1 (COX-I) in
ducks exposed to constant high temperature were
increased at day 21. The transcripts of NADPH oxi-
dase 1 (NOX-1I) were increased (P < 0.05) by both
high-temperature treatments at day 55, but were
decreased at day 1. There were no effects of high
temperature (P > 0.05) on the relative abundance
of gene transcripts related to antioxidation and
pro-oxidation enzymes, and mitochondria electron
transport including manganese SOD (MnSOD),
NADPH oxidase 4 (NOX-4), and Coenzyme Q10
(CoQ10) at any sampling time.

DISCUSSION

Birds are compromised when they are exposed
to high, potentially life threatening temperatures.
The most debilitating environmental factors that
affect layer chickens in production is heat stress,
because of their feather covering and lack of sweat
glands, making thermolysis difficult (Ajakaiye
et al., 2011). Like chickens, ducks are sensitive to
high ambient temperature (Zeng et al., 2013; Ma
et al., 2014). It was found here that egg weight, egg
mass, and feed intake of laying ducks were reduced
by high-temperature treatments and in pair-fed
controls at thermoneutrality, but these variables
gradually returned to normal levels during the
subsequent 25-d recovery period at normal tem-
perature. It appeared that intermittent high tem-
perature caused much greater negative effects on
production performance than did constant high
temperature. This is probably because the laying
ducks are susceptible to the variation of ambient
temperature within a day, as reduced production
is observed commonly in practice in the summer,
especially when environmental weather changes.
Daily feed intake, egg mass, and egg produc-
tion in laying hens were significantly reduced by
chronic heat stress (Mignon-Grasteau et al., 2015).
The increased temperature decreases energy
requirement and feed intake but requirements for
protein, minerals, and vitamins do not decrease,
therefore the biological mechanism by which heat
stress impacts production performance is partly
explained by reduced feed intake (Das et al., 2011).
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Table 3. Egg quality traits of laying ducks during the high-temperature and recovery periods!

Treatment
Intermittent
Constant high high
Trait Control Pair-fed temperature temperature SEM P value
High-temperature period
Shape index 1.30 1.33 1.34 1.33 0.01 0.34
Haugh units 81.74 83.71¢ 74.99° 74.85° 2.10 0.01
Albumen height, mm 7.28% 7.33¢ 6.13° 6.20° 0.28 <0.01
Yolk color score 6.42¢ 5.33¢ 5.58b 6.17% 0.27 0.03
Yolk proportion, % 31.85 32.00 30.97 31.62 0.69 0.73
Albumen proportion, % 58.93 58.73 59.77 58.03 0.86 0.56
Shell proportion, % 9.22 9.27 9.26 9.27 0.92 0.81
Shell-breaking strength, kg.cm™ 4.02 4.04 4.00 3.68 0.24 0.68
Average shell thickness, mm 0.33 0.32 0.32 0.33 0.01 0.60
Recovery period
Shape index 1.31 1.34 1.32 1.32 0.01 0.37
Haugh units 79.29 79.90 73.93 80.15 2.42 0.25
Albumen height, mm 6.93 6.75 6.10 6.81 0.33 0.32
Yolk color score 7.08 6.17 6.75 6.83 0.25 0.11
Yolk proportion, % 31.83® 33.05¢ 31.15° 30.93° 0.51 0.04
Albumen proportion, % 59.20¢ 57.60° 59.68¢ 59.96* 0.46 0.01
Shell proportion, % 8.97 9.35 9.17 9.10 0.16 0.37
Shell-breaking strength, kg.cm™ 3.42 3.82 3.63 3.59 2.27 0.69
Average shell thickness, mm 0.31 0.31 0.31 0.31 0.01 0.84

*5Values within a row with different superscripts differ significantly at P < 0.05.

'n = 6 for each treatment.

The results of the present study provide initial evi-
dence of the biological mechanisms through which
the reduced production performance is probably
due to the reduced feed intake when laying ducks
were exposed to high ambient temperature. Thus,
the heat stress during summer high temperatures
may be partly offset by feeding diets with increased
nutrient density (De Andrade et al., 1977; Usayran
et al., 2001). Haugh units are indicative of egg qual-
ity, especially as quality related to albumen (Eisen
et al., 1962). In the present study, the Haugh units
of duck eggs were decreased by intermittent or con-
stant high temperature, consistent with previous
work from this laboratory (Ma et al., 2014). The
important albumen proteins, including ovalbumin,
ovotransferrin, ovomucoid, ovo mucin, lysozyme,
and globulins, are largely secreted by the tubular
gland cells of the magnum (Toussant et al., 1995;
Sah and Mishra, 2018). The secretion of these pro-
tein may be affected by high temperature, because
there was an abnormal increase in oviduct length
from laying ducks exposed to high temperature and
the previous study (Ma et al., 2014) showed that
exposure to constant high temperature (34°C) for
28 days impaired the morphology of the magnum
in laying ducks, thereby negatively affecting albu-
men secretion. The present finding of decreased

albumen height with high temperature differed
from Durmus and Kamanli (2015), who found no
effects of high temperature on albumen height. On
the contrary, Melesse et al. (2010) reported a decline
of albumen and yolk quality as the environmen-
tal temperature increased. The difference between
these studies might be due to the duration, nature,
and imposed temperature; the 30-d duration of
high temperature (34°C) used here account for the
negative effects. Previous studies rarely evaluated
production and egg quality during recovery after a
period of high temperature. As found here, 25 d is
sufficient for laying ducks to recover to normal per-
formance after high temperature exposure, based
on feed intake and laying performance returning
to the levels of the controls, although laying ducks
exposed to constant high temperature tend to take
longer to recover their production performance.
Although ROS are a part of normal physiol-
ogy and have biological roles, including those in
cell signaling and protection against environmen-
tal insults. Serious damage to proteins, DNA, and
lipids, however, can be caused by ROS (Dostalek
et al., 2008). Production of ROS and their elimin-
ation is in dynamic equilibrium but is readily dis-
turbed when the organism suffers environmental
insults, such asimposed heat stress. The antioxidant
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Table 4. Reproductive organ variables of laying ducks at the end of high-temperature and recovery periods.!

Treatment
Constant high Intermittent high
Trait Control Pair-fed temperature temperature SEM P value
Day 21
Oviduct length, cm 38.60¢ 41.88¢ 46.93%® 48.50° 2.13 0.02
Oviduct mass, g 53.40 47.42 4517 49.204 3.72 0.54
Ovary mass, g 57.21 54.85 53.91 54.86 4.51 0.97
Dominant follicle number 5.20 4.75 5.29 4.83 0.37 0.64
Dominant follicle mass, g 47.53 47.06 45.79 45.01 3.98 0.97
Day 55
Oviduct length, cm 45.86 43.57 49.36 48.29 1.78 0.12
Oviduct mass, g 50.34 42.23 51.05 49.76 343 0.26
Ovary mass, g 46.99 45.68 51.90 45.15 4.78 0.73
Dominant follicle number 4.86 4.86 5.43 5.00 0.42 0.74
Dominant follicle mass, g 37.35 38.65 43.25 38.09 4.62 0.53
*"Values within a row with different superscripts differ significantly at P < 0.05.
'n = 6 for each treatment.
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Figure 4. Redox metabolites and antioxidant enzyme activities in plasma of laying ducks during the period of high temperature (days 1 and
21) and recovery (day 55). (A) The leve of malondialdehyde (MDA); (B) The activity of superoxide dismutase (SOD); (C) The level of glutathione
(GSH); (D) The activity of GSH peroxidase (GSH-Px). Data are means = SEM, n = 6 for each treatment at each time points. Different letters

indicate significant difference at the 0.05 probability level.

enzyme systems including SOD and GSH-Px serve
as the first line of antioxidant defense. The bal-
ance between the production of ROS and the anti-
oxidant system was altered by modification of
the activity of these enzymes (Zeng et al., 2014).

Compared to the controls and pair-fed ducks, there
were no changes observed in plasma SOD activity,
indicating that it was unaffected by either form of
high temperature. Similarly, there were no effects
on MDA concentrations in plasma. These results
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Table S. Relative abundance of gene transcripts of antioxidation and pro-oxidase enzymes in hypothalamus
of laying ducks during the periods of high temperature and recovery!

Treatment

Constant high

Intermittent high

Transcript? Control Pair-fed temperature temperature SEM P value
Day 1
NOX-1 1.15° 0.92° 0.83° 0.80° 0.08 0.02
NOX-4 1.01 0.90 1.02 1.00 0.06 0.40
COX-1 1.11 0.94 0.99 0.98 0.11 0.75
COX-2 1.01 0.88 0.94 0.81 0.08 0.32
5-LOX 1.12 0.87 1.12 0.91 0.09 0.11
CYP7A1 1.05* 0.74® 1.06* 0.46° 0.14 0.02
Complex 1 1.01® 1.16* 0.77% 0.73¢ 0.08 <0.01
CoQI0 1.10 0.98 1.10 0.82 0.08 0.07
GR 1.05* 1.05* 0.68° 0.59° 0.12 0.02
MnSOD 1.02 1.15 1.03 0.97 0.09 0.84
CAT 1.012 0.74° 1.15° 1.05* 0.07 <0.01
Day 21
NOX-1 1.06 1.21 1.04 0.97 0.12 0.56
NOX-4 1.01 1.19 1.30 1.29 0.10 0.14
COX-1 1.42° 3.40°0 2.67* 1.29¢ 0.50 <0.01
COX-2 1.03* 0.96® 0.78° 0.75° 0.08 0.05
5-LOX 1.272 0.47° 0.57° 0.43° 0.21 0.02
CYP7A1 1.12° 1.87* 0.56° 0.55¢ 0.16 <0.01
Complex T 1.01 1.37 1.07 1.04 0.14 0.27
CoQI0 1.65 2.40 2.00 2.15 0.34 0.53
GR 1.48 1.92 1.58 1.82 0.27 0.64
MnSOD 1.01 1.25 1.27 1.32 0.10 0.13
CAT 1.01 1.15 1.16 1.10 0.09 0.66
Day 55
NOX-1 0.89° 0.86° 1.12%® 1.26* 0.09 0.02
NOX-4 1.01 0.94 0.98 1.02 0.05 0.85
COX-1 1.06 0.84 1.25 1.22 0.12 0.09
COX-2 1.09 1.13 1.27 1.26 0.11 0.59
5-LOX 1.01 1.14 0.90 1.19 0.21 0.08
CYP7A1 1.04 0.86 0.82 0.91 0.11 0.52
Complex T 1.02 0.91 1.23 1.09 0.09 0.14
CoQI0 1.07 1.07 1.00 1.04 0.22 0.98
GR 1.06 1.14 1.00 0.91 0.12 0.59
MnSOD 1.01 1.13 1.21 1.13 0.21 0.36
CAT 1.01 0.95 1.03 1.10 0.07 0.48

*"Values within a row with different superscripts differ significantly at P < 0.05.

'n = 6 for each treatment.

2COX-1, cyclooxygenase-1; COX-2, cyclooxygenase-2; NOX-1, NADPH oxidase-1; NOX-4, NADPH oxidase-4; 5-LOX, 5-lipoxygenase;
CYP7Al, cytochrome P450 7A1; GR, glutathione reductase; Complex I, NADH dehydrogenase subunit I; CoQ70, Coenzyme Q10.

are in accordance with a study in broiler chickens
(Lin et al., 2006), noting that antioxidant enzyme
activity was not effected by heat stress. The pres-
ent findings of a substantial decrease in GSH con-
tent with high temperature at day 1, coupled with
the smaller decrease in GSH-Px activity at day
21, indicated that the GSH-mediated-antioxidant
system was greatly affected by the constant high
temperature but not by the intermittent high
temperature.

Chowdhury er al (2014) have indicated the
potential relationship between heat stress and the
antioxidant defense system. Several enzyme sys-
tems have been considered in the production of
ROS, including NADPH oxidase, xanthine oxidase,
(uncoupled) mitochondrial electron transport, and
cytochrome P450 (Dostalek et al, 2008; Peter,
2015). The present study attempted to explore the
relationship between the antioxidant defense sys-
tem and heat stress by quantifying expression of
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oxidase and antioxidase genes in the hypothalamus,
including COX-1, COX-2, NOX-1, NOX-4, 5-LOX,
CYP7A41, GR, MnSOD, and CAT. The abundance
of COX-1 transcripts in pair-fed ducks and those
exposed to constant high temperature increased
at day 21, but transcripts in ducks stressed with
intermittent high temperature decreased. COX-2
is a central proinflammatory mediator and plays
a role in ROS production (Zheng et al., 2012).
Hypothalamic COX-2 gene expression was reduced
in both high-temperature treatments as compared
to the controls. High temperature can activate
NADPH oxidase through NOX-1 upregulation and
NOX-1 knockdown significantly inhibited ROS
production (Moon et al., 2010). Here, the expres-
sion of NOX-I was downregulated in laying duck
hypothalamus after exposure to high temperature
for 1 d, but there were no differences at day 21 of
the high-temperature period. 5-LOX was a reasona-
ble candidate based on its known proinflammatory
properties (Mehrabian, 2002). The abundance of
5-LOX transcripts in both high-temperature treat-
ments and pair-fed ducks at day 21 was strikingly
lower than in controls, showing that 5-LOX in duck
hypothalamus was affected by high temperature
and may play a role in suppressing feed intake.
Expression of the CYP7AI gene in hypothalamus
of ducks exposed to intermittent high temperature
was markedly decreased at day 1, and this tran-
script on day 21 was lower in both heat treatments
than in controls and pair-fed ducks. These data sug-
gest that there is a possible protective mechanism
in ducks through downregulating expression of
pro-oxidant enzymes COX-1, COX-2,and CYP7Al
during long-term heat stress. The modulation of
antioxidant enzymes affects the thermal sensitiv-
ity of the cell (Slimen et al., 2014). Compared to
the controls and pair-fed ducks, the expression of
GR, MnSOD, CAT, Complex I, and CoQI10 genes
did not change with 21 d of high-temperature
treatment, but expression of Complex I and GR
genes in heat-treated ducks were decreased at day
1. The findings indicate that GR and mitochon-
drial NADH dehydrogenase subunit (Complex I) in
hypothalamus of laying ducks were most obviously
affected by early stage of high temperature but not
by late stage of high temperature.

In conclusion, for laying ducks, intermittent
high temperature caused more severe negative pro-
duction performance than did constant high tem-
perature during a 30-d treatment period, but laying
ducks exposed to constant high temperature tend
to take longer to recover their production perfor-
mance. In the early response to high temperature of
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laying ducks, hypothalamic expression of Complex
I and GR genes was downregulated and plasma
GSH decreased while after 21 d of high tempera-
ture resulted in downregulated hypothalamic COX-
1, COX-2, and CYP7Al expression and reduced
plasma GSH-Px. These results showed that high
temperature of laying ducks disrupted the balance
between the oxidative-antioxidative system in the
hypothalamus, and then suppressed appetite.
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